This study was done to investigate the effects of modified nucleotide sequences around the initiation codon on gene expression efficiency in Escherichia coli. Ahumantumor necrosis factor-/?galactosidase fused gene was used to randomly modify both the upstream nucleotide sequence from the initiation codon (-4 to -1) and the silent third letter of the codons corresponding to the 4 amino acid residues of the N-terminal region. It was observed that the frequency of adenine nucleotide usage in this region was higher in the high expression group than in the low expression group.
lated, and the nucleotide sequences coding for TNF were found. Expression plasmids containing the CDNA for mature TNFwere constructed.23) E. coli cells harboring the plasmids produced a large amount of TNF protein, and the TNFs showed cytotoxic activities in vitro. 2' 3) It has been recently reported that the expression level of a gene in E. coli is strongly affected not only by the nucleotide spacing between the Shine-Dalgarno (SD) sequence 1331 and the initiation codon5) but also by the nucleotide sequence around the initiation codon.6 '7) We have isolated the CDNA for TNF from a B cell acute leukemic lymphoma cell line. 8) In this study we have constructed expression plasmids containing the TNF CDNA and tried to find a consensus sequence around the initiation codon. For selecting a high expression vector, we have constructed expression plasmids with a randomly modified nucleotide sequence around an initiation codon and used the screening system of human TNF-/?-galactosidase (/3-gal) fused gene and E. coli trp promoter. In this paper we describe our findings, a high frequency of adenine nucleotide usage in the sequence of the ATGregion in high expression plasmids and a low frequency in low expression ones.
MATERIALS AND METHODS
(a)Bacterial strains and plasmids. E. coli K-12 HB101 * Responsible person for this manuscript.
Abbreviations: /?-gal, /?-galactosidase; TNF, tumor necrosis factor; a-/?-gal, anti /?-galactosidase antibody; SD, Shine-Dalgarno; HRP-aRG, horse radish peroxidase-conjugated goat anti-rabbit IgG; SDS, sodium dodecyl sulfate; Kb, 1000 base pairs. was used as a host strain for transformation, cloning, ana expression.
E. coli K-12 W3110,9) C600,10) SK107 (F", mal, mtl, rho, xyl, Ieu6, thr, thU stf, mal9, pnp7)n) and SG4044 (F~, AlonlOO, A(gal-pgl), thi, strA, lac)l2) were also used to find whether or not a host strain would affect the gene expression level. Cappel Laboratories Inc., USA. Horseradish peroxidaseconjugated goat anti-rabbit IgG (HRP-aRG) and enzyme substrate (4-chloro-l-naphthol) were purchased from Bio-Rad Laboratories Inc., USA.
(c) Cloning of TNF CDNA.TNF mRNAwas obtained from a human leukemic B cell line (BALL-1) cultured in RPMI1640 which was stimulated with about 100 HAU/ml of Sendai virus. The CDNA was cloned and the sequence has been determined, from which it was deduced that the precursor TNFprotein consists of 233 amino acids including a signal peptide.8] Both nucleotide and amino acid sequences obtained were the same as those reported previously,2) except that the base T at position 1053 and the base G at position 1161 in 3' noncoding region were converted to G and A, respectively. Oligodeoxynucleotide fragments were purified by HPLC using a reverse phase C18 column16) (Radial-PAKá", Waters Associates Inc., U.S.A.) and phosphorylated at the 5' end with T4 polynucleotide kinase.17) 1333 The nucleotide sequences of linkers are shownin Fig. 2 . Linkers 1 and 2 were used for the construction ofpM319, and linker 3 for pM341. Linker 4 was synthesized for modifying the sequence of the ATGregion and was composed of mixed oligonucleotides. One oligonucleotide (a longer strand) was synthesized using a mixture of two or four deoxynucleotides at the indicated positions in Fig. 2 . Two pools of single stranded oligonucleotides, which have a complementary part of a 12-nucleotide sequence, were mixed and anealed to give duplex DNAs, then E. coli DNApolymerase I (Klenow fragment) was used for filling the portion of single strand, and finally the linker was digested by Xho I.
(e) Culture andexpression. Transformed cells were grown to saturation in L-broth containing 50 jug/ml of ampicillin overnight at 37°C and were resuspended in 50 vol. of M9casamino acids medium containing 50 /ig/ml of ampicillin. After 3hr, 10/ig/ml of 3-indoleacrylic acid was added to induce the E. coli trp promoter and the culture was continued for 3 more hrs. Cells were collected by centrifugation and resuspended in 1/10 vol. of 140mMNaCl/ 50mMTris-HCl (pH 8.0). The cells were solubilized by incubation at 90°C for 5min with lOOjd of 2%SDS-2% dithiothreitol-1 mMEDTA-lO mMTris-HCl (pH 7.4), followed by centrifugation at 15,000 rpm for lO min. Samples (g) Analysis of RNAsecondary structure. The free energy (AG) and secondary structure in mRNA were calculated using computer programs made using the rules for the folding of RNA.20) These programs, designated GENIAS systems, were provided from Mitsui Knowledge Industry Co., Ltd., Japan.
RESULTS AND DISCUSSION
The N-terminal amino acid sequence of human TNF21) was Val-Arg-Ser-Ser-Ser-;
this is identical with the amino acid sequence starting from Val77 which was deduced from the human TNF-precursor CDNA. On the other hand, the sequence of rabbit TNF22) corresponds to that starting from Ser79 of the deduced human precursor TNF. However, we could not identify the N-terminal sequence of the TNF mature protein produced by BALL-1 cells. Weconstructed three species of plasmids containing nucleotide sequences for mature protein which started from Gin75, Val77, or Ser79 (Fig. 3) ; each coding sequence started from ATG for the translational initiation codon. The Gln75-TNF expression plasmid pM323 produced as low as 1/20 of that of Val77-(pM320) and Ser79-TNF expression plasmids, suggesting that the expression level of the three plasmids in E. coli was affected by the nucleotide sequence around the initiation codon. Accordingly, we attempted to convert the Gln75-TNF expression plasmid to a high expression vector by modifying the nucleotide sequence around the initiation codon.
Expression plasmids of the PMQ/?G series carrying the gene for TNF-/?-gal fused protein were constructed by randomly modifying the ATG region sequence, the -4~-1 nucleotide sequence and the silent third letter of the codons corresponding to the N-terminal four amino acid residues using synthetic oligodeoxynucleotide fragments (Fig. 1) . The 1344
colonies of E. coli HB101 transformed with these plasmids were roughly screened on culture plates by immunoblotting using ajS-gal/ HRP-aRG to obtain five high expression colonies which were detected as strong, dark purple spots. The remaining colonies has various degrees of color intensity. Weselected colonies of low expression levels, detected as light color spots, as the controls for high expression colonies. Figure 4 shows that the cells of high expression colonies produced an abundant amount of TNF-/?-gal fused protein with a molecular weight of 130K (Fig. 4, lanes   2-6) , while for the low expression group the protein could not be detected. However, by western blotting the bands corresponding to the fused protein were detected in both high and low expression groups (data not shown).
Densitometric analysis showed that the expression level of the 130K fused protein of the five high expression clones accounted for about 20-30% of the total SDS soluble fraction and the amount was about 10-20 times higher than that of the low expression group.
Wefurther tried the expression of the TNF gene only. The TNFexpression plasmids were constructed by the exchanging of EcoRI/Aval regions ofpMQ/?G 1 -5, which contained the trp promoter and the upstream part of TNF gene (Fig. 1) , for the corresponding region of pM319. E. coli HB101 cells harboring these plasmids pMQl-5 were cultured in the same method as described in Materials and Methods, and cell lysates of these transformants were analyzed on SDS-polyacrylamide gel electrophoresis.
Densitometric analysis showed that the 17 K protein corresponding to TNF reached about 10% of the total SDSsoluble fraction in five high expression clones ( Fig.  5 ).
The Gin75-TNF in cell lysates from the transformants showed a TNF cytotoxic activity in vitro equal to those of the Val77-and protein did not affect the cytotoxic activity. are shown in Table I . It was observed that in The nucleotide sequences of the ATGregion the high expression group the frequency of for highand low expressionplasmids obtained adenine nucleotide usage in the -4 to -1 region was 13/20 (65%). Those of the silent third letter of the codons encoding the Nterminal 4 amino acid residues, except for the initiation Met, were 5/5 (100%) at nucleotide position +6 (Gin), 4/5 (80%) at +9 (Ala), 2/5 (40%) at +12 (Val), and 2/5 (40%) at +15 (Arg).
On the other hand, in the low expression group the frequency was 7/20 (35%) inthe -4to -1 region, 2/5(40%)at +6, 0/5 (0%)at +9,and 1/5(20%)at +12and +15. Calculation of the (A+T) usage frequency showed the same results. These results clearly indicated that in the high expression group the A or A+Tcontent in the ATGregion was high.
To assess the mechanisms, free energy (AG) of the mRNA was calculated for the sequences from the transcription initiation site (-26) to + 15 (the codon for Arg, the fifth amino acid) by computer-aided analysis.20) As shown in Table I , AGin the high expression group was significantly higher (/?<0.01) than that in the low expression group. Figure 6 also showed that the nucleotide sequence in the low expression group formed 6-or 7-bp stem and hairpin loop structures, but not for the high expression group. These results strongly suggest that the low expression group initiated translation inefficiently, which led to the low production of the fused protein. On the other hand, it seems that the A or (A+T) rich sequence in the translation initiation region and its relaxed structure which didn't form a tight stem and hairpin loop cause the thermodynamic instability of mRNA,resulting in the efficient binding of ribosomes to the SD sequence and the efficient initiation of translation.
Hallewell et al.1] modified the nucleotide sequence around the initiation codon of the human Cu/Zn superoxide dismutase (SOD).
They found 25 colonies with high SOD production levels, in which the modified positions of the nucleotides around the initiation codon were (A+T) rich.
Buell et ai6) also modified the silent third letter of the codons corresponding to the five N-terminal amino acids of human somato-1337 medin-C. Analysis of the putative secondary structure of the mRNAs suggested that the low expression level might be due to inclusion of the SD sequence (GGAGG)into a 9base pair stem structure of the mRNA, which brought about the inhibition of mRNA binding to 16S rRNA.6) The findings of our study on the TNFgene resemble their results, suggesting that the nucleotide sequence largely affects the thermodynamic stability of mRNA, namely, the gene expression level.
Wefurther tried expressions using HB101, C600, W31 10, SK107 and SG4044 strains ofE. coli, and similar expression levels were obtained from all E. coli strains used (data not shown).
